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1.  Introduction 

Correlated  photons  have  been  used  to  study  quantum  information  science,  especially  in  the 
areas  of  quantum  communication  and  cryptography  [1-3].  In  most  experiments,  correlated 
photons  were  generated  through  parametric  down  conversion  (PDC)  of  an  ultraviolet  (UV) 
beam  in  a  bulk  nonlinear  crystal.  This  photon  pair  generation  method  was  first  demonstrated 
more  than  three  decades  ago  and  has  been  studied  ever  since  [4-8].  In  addition  to  this  method, 
there  are  other  approaches  to  generate  correlated  photons.  They  include  two-photon  emission 
from  atoms  [9,  10],  quantum  dots  [11],  as  well  as  PDC  in  engineered  crystals  such  as 
Periodically  Poled  Lithium  Niobate  (PPLN)  [12-14],  which  exhibit  higher  conversion 
efficiencies  than  bulk  crystals. 

It  is  of  great  interest  to  directly  generate  correlated  photons  in  fibers.  Being  part  of  an 
optical  communication  network,  correlated  photons  generated  in  fibers  can  be  1 00  %  collected 
and  delivered  to  realize  quantum  cryptography  applications.  Compared  to  conventional  fibers, 
microstructure  fiber  (MF)  has  a  very  large  refractive-index  contrast  between  its  silica  core  and 
its  surroundings  patterned  with  air  holes,  allowing  for  a  very  small  core  size  and  mode  field 
diameter.  This,  along  with  the  fact  that  fiber  allows  very  long  interaction  lengths,  results  in 
high  effective  optical  nonlinearity  in  a  MF  with  much  lower  optical  pump  power  [15].  Also, 
the  MF  can  be  engineered  to  meet  a  range  of  specific  applications  and  pump  wavelengths. 
Overall,  this  ease  of  collection,  low  pump  power,  and  convenient  pump  wavelength  selection 
makes  MF  an  excellent  candidate  source  to  provide  correlated  photons. 

It  has  been  demonstrated  that  by  injecting  a  laser  beam  (<%)  into  a  single  mode  optical 
fiber  (SMF)  or  a  MF,  correlated  Stokes  (co,)  and  anti-Stokes  (aioj)  photon  pairs  at  conjugate 
frequencies  are  generated  via  degenerate  four-wave  mixing  process  (FWM)  at  the  phase 
matching  condition,  (Os+a)as=2a)o  [16-19].  In  a  reverse  process,  it  was  also  shown  that  by 
recombining  these  pairs  of  parallel-polarized  conjugate  photons  in  a  second  fiber,  photon  pairs 
can  be  generated  at  the  middle  frequency  with  good  efficiency,  2o)o==o)s+0)a,  [20]. 

It  is  known  that  in  an  ideal  single  mode  fiber  (SMF),  a  mode  excited  with  its  polarization 
along  principal  axis  x  of  the  fiber  does  not  couple  to  the  mode  with  orthogonal  y-polarization 
state  [21].  This  effect  has  been  used  to  generate  polarization-entangled  photon  pairs  by 
synchronizing  two  orthogonal  but  degenerate  FWM  processes  in  a  dispersion-shifted  fiber 
(DSF)  [22,  23].  Two  same  wavelength  laser  pulses  with  polarizations  perpendicular  to  each 
other  coupled  into  a  DSF,  each  create  a  correlated  photon  pair  in  the  polarization  state  of 
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|HsHi>  or  |VsVi>.  |H>  and  |V>  are  two  orthogonally  polarized  photon  states  and  “s”  and  “i” 
stand  for  signal  (anti-Stokes)  and  idler  (Stokes)  photons  at  different  wavelengths.  |HsHi>  and 
lVsVi>  are  interferometrically  combined.  With  proper  phase  and  polarization  control,  each  of 
the  four  Bell-states  can  be  prepared.  This  method  has  also  been  used  to  interferometrically 
combine  two  separate  PDC  processes  to  prepare  a  bright  polarization-entangled  photon  pair 
source  using  two  bulk  crystals  [7,  8]  or  PPLNs  [14]. 

These  experiments  generating  correlated  photons  via  FWM  in  fibers  are  based  on  or 
X>w>  which  are  components  of  the  third  order  nonlinear  susceptibility  tensor  Photon  pairs 
generated  in  these  processes  are  co-polarized  with  the  pump  laser  beam.  In  this  paper,  we 
propose  to  generate  cross-polarized  correlated  photons  by  make  using  of  y^yxy,  a  different 
component  of  the  susceptibility  tensor  x^^^ 

We  overlap  a  Stokes  laser  pulse  polarized  along  principal  axis  x  with  an  anti- 

Stokes  (Eas(t.z))  laser  pulse  polarized  along  principal  axis  j'  in  a  MF,  generating  correlated 
photon  pairs  by  FWM  at  the  middle  frequency  tOo  in  the  state  of  lx>  [>'>  when  phase  matching 
condition  is  satisfied.  Here  \x>  and  [>'>  are  polarization  states  along  axes  x  and  j?,  respectively. 
The  optical  field  is  tightly  confined  in  the  single  spatial  mode  due  to  the  big  transverse 
refractive  index  gradient  in  the  MF.  The  spatial  wave  function  is  dropped  for  simplicity 
without  losing  generality.  The  polarization  mode  dispersion  (PMD)  induced  temporal 
distinguishability  between  the  two  photons  in  polarization  states  lx>  and  |y>  can  be 
compensated  by  passing  the  photons  tlu-ough  birefringent  optics  such  as  another  piece  of  MF 
with  appropriate  orientation  and  length.  Then  at  the  exit,  the  two  photons  are  indistinguishable 
in  space,  time,  and  color.  This  is  similar  to  the  way  of  generating  correlated  photon  pairs  in  a 
collinear  type-II  PDC  process  [24].  Thus,  Bell-states  can  be  prepared  in  the  postselection 
scheme  50%  of  the  time,  which  can  be  used  for  various  quantum  information  applications. 
This  scheme  with  a  pair  of  orthogonally  polarized  pump  pulses  is  shown  in  Fig.  1 . 


Fig.  I.  Schematic  experimental  setup  to  test  Bell’s  inequality.  FC:  fiber  coupler,  MF: 
microstructure  fiber  (first  one  used  for  generation  of  cross-polarized  photon  pairs, 
second  one  for  phase  compensation),  BS:  non-polarizing  beam  splitter,  FU:  fiber 
union,  IF;  interference  filter  at  middle  frequency,  D1  and  D2:  photon  detectors. 

2.  Experiments  and  discussion 

Instead  of  an  experiment  such  as  testing  Bell’s  inequality,  for  this  current  initial  experiment 
our  goal  is  to  examine  the  generation  of  cross-polarized  photon  pairs  by  FWM  with  cross- 
polarized  laser  pump  pulses  in  an  optical  fiber.  TTie  experimental  setup  is  shown  in  Fig.  2.  A  3 
ps  laser  pulse  is  coupled  into  microstructure  fiber  MFl  with  wavelength  at  835  nm  (the  zero 
dispersion  wavelength  of  microstructure  fibers;  MFl  and  MF2  [17,  20]),  driving  quasi¬ 
continuum  generation  through  FWM,  self-phase  modulation  and  other  optical  nonlinear 
mechanisms  in  MFl,  The  output  from  MFl  is  collimated  and  directed  onto  a  high  resolution 
grating  (2,200  grooves/mm).  Using  a  two-pass  grating  configuration  and  two  narrow  slits,  a 
pair  of  pulses  at  conjugate  frequencies:  Stokes  (837  nm)  and  anti-Stokes  (833  nm)  are 
selected.  The  two-pass  arrangement  puts  these  two  pulses  in  the  same  single  spatial  mode 
where  they  are  coupled  into  a  1.5  m  fiber,  MF2.  Polarizations  of  these  two  pulses  are  parallel 
to  each  other  and  oriented  at  45“  with  respect  to  axes  jc  and  ji. 
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After  MF2,  we  insert  a  half-wave  plate  and  a  polarizing  beam  splitter  (PBS)  into  the  beam 
path  to  spatially  separate  photons  of  different  polarizations.  We  then  direct  these  two  beams  of 
different  polarizations  onto  a  second  grating  (2,200  grooves/mm).  Again,  using  a  two-pass 
grating  configuration  and  two  narrow  slits,  only  those  photons  at  the  wavelength  of  834.5  nm 
are  selected  and  sent  to  photon  counters.  The  collection  bandwidth  is  determined  to  be  0.2  nm 
for  each  of  the  beam  detection  channel.  Signals  from  the  two  photon  counters  are  sent  to  a 
coincidence  circuit.  Half  waveplates  in  the  beam  path  are  placed  to  maximize  the  yield  of 
photons  of  interest. 


Fig.  2.  Schematic  experimental  setup.  PBS:  polarizing  beam  splitter,  SMF:  single 
mode  fiber,  XI2\  half-wave  plate.  MFl  and  MF2  are  microstnicture  fibers. 


With  polarization  oriented  at  45“  with  respect  to  axes  jc  and  j',  the  Stokes  (anti-Stokes) 
pulse  is  split  into  two  pulses  with  equal  power  in  MF2  polarized  along  axes  x  and  y, 
respectively,  resulting  in  a  four-pulse  co-propagation  configuration  in  MF2.  The  electric  field 
of  the  four-pulse  is, 

Es(t,z)=E^(t.z)x+E,y(t,z)y,  (la) 

Ea,(t,z)  =Eaix(t,z)x+E^y(t,z)y.  (lb) 

For  this  short  fiber,  group  velocity  dispersion  (GVD)  is  negligible  [17].  Pulses  polarized 
along  axis  x  walk  off  from  pulses  polarized  along  axis  y  in  MF2  due  to  PMD.  By  adjusting  the 
relative  delay  of  the  anti-Stokes  pulse  with  respect  to  the  Stokes  pulse  in  MF2,  we  can 
arrange  to  overlap  either  E^(t,z)x  with  Easy(t,z)y  or  Esy(t,z)x  with  Easx(t,z)y-  These  delay 
configurations  (Fig.  3(a))  are  described  below. 

(1)  At  delay  ti,  overlap  only  occurs  between  and  E^y.  In  this  case  we  launch  the  anti- 
Stokes  pulse  ahead  of  the  Stokes  pulse  into  MF2.  Cross-polarized  photon  pairs  in  the  state 
[x:>(y>  are  generated  by  FWM  at  the  middle  frequency.  This  is  similar  to  a  collinear 
degenerate  type-II  PDC  process  [24]. 

(2)  At  delay  /j,  overlap  only  occurs  between  Easy  and  £■„,  generating  cross-polarized 
photon  pairs  in  the  state  tx:>l>'>  at  the  middle  frequency  through  FWM.  In  this  case,  we  launch 
the  Stokes  pulse  ahead  of  the  anti-Stokes  pulse  into  MF2. 

(3)  At  a  delay  t2  between  1/  and  tj,  both  Stokes  and  anti-Stokes  pulses  enter  MF2  at  the 
same  time.  Before  the  PMD  walk-off,  FWM  can  occur  in  both  parallel-  and  cross-polarization 
schemes.  For  FWM  with  parallel-polarized  pump  pulses,  Easx  overlaps  with  Esx  to  generate 
photon  pairs  in  the  polarization  state  ]x>|x>  along  axis  x.  Easy  overlaps  with  Esy  to  generate 
photon  pairs  in  the  polarization  state  \y>\y>  along  axis  y.  These  two  processes  are  coherent, 
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forming  a  superposed  state  ^  (|x>[*>+e'V>[y>)  with  all  photons  generated  at  the  middle 

■Ji 

frequency.  This  scheme  has  been  used  to  generate  polarization-entangled  photon  pairs  in  a 
DSF  [22,  23].  Here  0  is  the  relative  phase  due  to  PMD  and  the  phase  difference  between  the 
two  pump  pulses.  In  the  meantime,  FWM  also  occurs  between  the  cross-polarized  pump 
pulses.  The  overlaps  of  Ea^x  with  E^y  and  Easy  with  £„  generate  correlated  photons  in  the 
polarization  state  [x>ly>,  although  the  generation  rate  is  smaller  by  one  order  of  magnitude 
than  that  of  FWM  with  parallel-polarized  pump  pulses  because  "iXiyxy  ~  Xxxxx  (3Cw>)-  After 
PMD  walk-off,  correlated  photon  pairs  are  only  generated  in  the  parallel  polarization  scheme 
as  long  as  temporal  coherence  is  retained  between  and  £■„,  and  Easy  and  Esy. 

These  three  cases  are  illustrated  in  Fig.  3(a),  in  which  the  PMD  walk-offs  are  exaggerated 
for  better  view.  In  Fig.  3(b),  the  contrast  C/A,  defined  as  the  ratio  between  coincidence  count 
rate  and  accidental  coincidence  count  rate,  is  plotted  as  a  function  of  the  relative  delay 
between  the  anti-Stokes  and  Stokes  pulses.  The  filled  dots  and  open  dots  were  obtained  from 
two  separate  measurements  carried  out  with  pump  powers  different  by  a  ratio  of  2,  both 
exhibiting  a  three-peak  pattern.  Although  the  three  coincidence  peaks  are  not  completely 
resolved  from  each  other  due  to  limited  PMD  walk-off  in  the  short  fiber,  the  three-pesdc 
pattern  is  evidence  of  the  three  cases  discussed  above.  The  coincidence  peaks  at  delay  t,  and  tj 
are  mainly  due  to  the  cross-polarized  correlated  photons  generated  by  FWM  with  cross- 
polarized  pump  pulses.  The  peak  at  (2  is  dominated  by  contribution  from 

_L  (]x:>[x>+e'^>ly>)  [23],  generated  from  FWM  with  parallel-polarized  pump  pulses.  The 

-Pi 

normalized  spectra  of  the  conjugate  pump  pulses  used  in  the  measurements  are  plotted  in  Fig. 
3(c). 

The  measured  contrast  C/A  in  this  cross-polarized  pump  scheme  is  lower  than  that  (C/A  ~ 
8)  of  a  similar  experiment  performed  in  the  parallel-polarized  scheme  [20].  This  is  expected 
because  while  Raman  scattering  is  same  for  both  polarization  schemes  at  the  same  amount  of 
pump  power,  the  gain  of  FWM  with  cross-polarized  pump  pulses  is  much  smaller  than  the 
gain  of  FWM  with  parallel-polarized  pump  pulses  because  of  'iXxyxy  ~  Xum-  In  the  experiment, 
photon  count  rate  at  each  detector  is  nearly  linearly  proportional  to  pump  power,  indicating 
that  Raman  scattering  dominates.  At  delay  time  0,  with  an  average  pump  power  of  100  |iW, 
(or  a  peak  power  of  ~  0.4  W,  for  a  3  ps  pulse  width  and  80  MHz  repetition  rate),  the  photon 
count  rate  is  ~  24  kHz  at  detector  1  (with  an  overall  detection  efficiency  of  0.08)  and  ~  27 
kHz  at  detector  2  (with  an  overall  detection  efficiency  of  0.09).  The  observed  photon 
coincidence  rate  is  ~  4  Hz  (after  subtraction  of  accidental  and  dark  counts). 

The  phase-matching  of  FWM  with  parallel-polarized  pump  pulses  in  the  MF  has  been 
examined  [17,  20].  The  phase-matching  shows  clear  dependence  on  pump  power  when  GVD 
is  significant  for  well  wavelength-separated  Stokes  and  anti-Stokes  photons  [17].  When  the 
wavelengths  of  Stokes  and  anti-Stokes  photons  are  close  to  each  other  and  pump  power  is 
low,  the  phase-matching  condition  is  automatically  satisfied  [20].  This  is  the  case  of  our 
experiment  with  the  two  pump  pulses  separated  by  4  nm  in  wavelength  and  an  average  pump 
power  of  100  pW.  Because  we  are  more  concerned  about  generation  of  correlated  photons 
with  two  cross-polarized  laser  pulses,  we  performed  a  phase-matching  measurement  at  delay 
t;,  when  the  x-polarized  anti-Stokes  pulse  Easx  optimally  overlaps  the  >’-polarized  Stokes  pulse 
Esy  in  MF2.  Fixing  the  wavelength  of  Stokes  pulse,  we  saw  the  measured  contrast  C/A 
increase  from  the  baseline  (where  C/A=l)  to  the  peak  and  then  decrease  to  the  baseline  again 
when  varying  the  anti-Stokes  pulse  through  the  phase-matching  wavelength,  showing  clear 
evidence  of  the  phase-matching  FWM  process  with  cross-polarized  pump  pulses  in  MF2. 

From  the  separations  of  coincidence  peaks  shown  in  Fig.  3(b),  the  mode  birefringence  of 
MF2  can  be  estimated  to  be  =  1.6  xlO"*. 
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Fig.  3,  (a)  Three  cases  of  two  different  schemes  to  generate  correlated  photons  in  MF2,  with  electric 
field  components  labeled.  Stokes:  dashed  line,  anti-Stokes:  solid  line,  (b)  C/A  versus  the  relative  delay. 

The  filled  and  open  dots  are  data  sets  from  two  separate  measurements  (2  minutes  averaging  time).  The 
average  power  for  the  Stokes  and  anti-Stokes  pulses  is  ~  100  pW  for  the  filled  dots  and  ~  50  pW  for  the 
open  dots,  (c)  Normalized  spectra  for  the  conjugate  laser  pulses  in  Fig.  2(b).  (d)  Phase-matching 
measurement  at  the  relative  delay  time  -5  ps.  The  Stokes  pump  pulse  is  fixed  at  the  wavelength  of  836.3 
nm,  with  its  spectrum  shown  in  Fig.  2(c).  The  anti-Stokes  pump  is  tuned  with  respect  to  a  central 
wavelength  of  832.7  nm  (corresponding  to  0  in  the  wavelength  mismatch).  Pump  condition:  Stokes,  ~ 

100  pW,  anti-Stokes,  ~  25  pW.  The  dots  are  experimental  measurement  (10  minutes  averaging  time). 

The  line  is  a  Gaussian  fit. 

3.  Conclusions 

In  conclusion,  we  have  proposed  and  experimentally  demonstrated  a  scheme  to  generate 
cross-polarized  photon  pairs  by  FWM  with  cross-polarized  laser  pulses  in  a  microstructure 
fiber.  These  correlated  cross-polarized  photons  can  be  used  to  prepare  Bell-states  for  a  range 
of  applications.  It  should  be  noted  that  the  experiments  presented  here  were  implemented  with 
limited  pump  power  and  relatively  short  microstructure  fibers.  Significant  efficiency 
improvements  can  be  made.  Because  the  number  of  correlated  photons  generated  in  fibers  is 
proportional  to  (jPtf  [25,  26],  where  P  is  the  peak  pump  power,  L  is  the  fiber  length,  and  y 
is  the  nonlinear  gain  coefficient,  a  larger  jPL  product  will  significantly  increase  the  yield  of 
correlated  photons.  When  group  velocity  dispersion  is  not  a  concern,  microstructure  fiber  of 
longer  length  will  also  help  to  better  resolve  the  two  different  overlaps.  Longer  pulse  width 
with  longer  overlap  times  can  also  help  the  yield  of  correlated  photons. 
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